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Recycling  of  sewage  sludge  as  an  organic  amendment  and  source  of  macro-  and  micro-nutrient  in  agri-
cultural ﬁelds  can  be a  potential  option  for proper  disposal  of  organic  wastes.  A  ﬁeld  experiment  was
conducted  at  the  experimental  farm  of  Indian  Agricultural  Research  Institute,  New  Delhi,  to examine
the  short-term  effect  of municipal  sewage  sludge  application  on soil  physical,  chemical  and  biological
properties  of  a sandy  loam  soil  (typic haplustept)  under  cowpea-wheat  cropping  system.  Control  and  four
treatments  adopted  in this  study  were,  100%NPK  (nitrogen,  phosphorus  and  potassium),  and  three  sludge
applications  i.e. equivalent  to 5, 10,  15 t ha−1. The  results  showed  a positive  effect  of  sewage  sludge  on dif-
ferent  parameters.  Bulk  density  was  decreased  by  about  21%  in  surface  layer,  increased  the  mean  weight
diameter  (MWD),  porosity,  dehydrogenase  activity  and  microbial  biomass  carbon.  A higher  amount  ofoil application
ggregate associated organic carbon
ehydrogenase activity
aggregate  associated  organic  carbon  was  associated  with  soil  macro-aggregate  (>0.25  mm)  in compari-
son to micro-aggregate  (<0.25  mm).  Sewage  sludge  at  15 t ha−1 produced  most  prominent  effect  in  the
upper  15  cm  soil  layer.  Considerable  improvement  in  microbial  biomass  carbon,  dehydrogenase  activity
and  aggregate  associated  organic  matter  was observed  particularly  when  higher  amount  of sludge  was
applied.  Lower  quantity  of organic  waste  showed  a beneﬁcial  trend  but  in  a  smaller  extent.
© 2015  Published  by Elsevier  B.V. This  is an  open  access  article  under the  CC  BY-NC-ND  license. Introduction
The increasing generation of organic wastes by livestock oper-
tions, industrial activity, and municipalities brings signiﬁcant
ressure on the waste disposal (Eghball and Gilley, 1999). The use
f wastes in agriculture and for land reclamation is increasingly
eing identiﬁed as an important issue for both soil conservation
nd residual disposal. Sewage sludge (SS), a byproduct of treated
astewater are organic C-rich materials and represent a source of
rganic matter, N, P, and other nutrients, which, if properly man-
ged, can be used to improve organic fertility in intensively cropped
egraded soils (Albiach et al., 2001; Garcia-Gil et al., 2004), thus can
educe the needs for synthetic fertilizer (Angle, 1994). However,
ewage sludge may  also contain contaminants that may  affect soil
icrobial communities and their processes that are fundamental
o maintaining soil conditions and ecosystem functions. Efﬁcient
se of sewage-sludge therefore requires an individual assessment
∗ Corresponding author. Tel.: +91 8986170387; fax: +91 06122223962.
E-mail address: surajit.iari@gmail.com (S. Mondal).
ttp://dx.doi.org/10.1016/j.enmm.2014.12.001
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and any effects should be compared with natural variations due
to climate and soil type (Debosz et al., 2002). Previous studies
on sludge application have shown improvement in the soil physi-
cal (Grifﬁths et al., 2005) and chemical (Speir et al., 2004) status
and generally facilitates microbial growth and activity (Debosz
et al., 2002; Garcia-Gil et al., 2004). Several workers elsewhere also
reported that application of sewage sludge improves soil physical
properties such as bulk density, aggregate stability, water holding
capacity, total porosity, and saturated hydraulic conductivity (Sort
and Alcan˜iz, 1999; Aggelides and Londra, 2000). Sludge addition
has also produced undesirable changes, such as decreases in pH,
increases in salinity and heavy metal contents (Navas et al., 1998;
Veeresh et al., 2003; Singh and Agrawal, 2008).
Over the long-term however, the accumulation of potentially
toxic metals through repeated sludge additions could have a detri-
mental inﬂuence on soil microbial communities and their functions
and thus threaten the long-term viability of sludge application to
land. The observations made by different workers showed that
long-term effects of sludge on the soil microbial biomass are varied
(Fliebach et al., 1994; Defra, 2005).
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Table 1
Basic parameters of soil and sewage sludge.
Parameters Soil Sludge
Bulk density (g cm−3) 1.67 –
EC  (dS m−1) 0.19 1.45
pH 8.4 6.4
Cation exchange capacity (meq 100 g−1) 10.61 –
Sand (%) 65.5 –
Silt  (%) 14.2 –
Clay  (%) 20.3 –
Oxidisable organic C (g kg−1) 3.91 70.4
Available N (mg  kg−1) 11.6 18,000
Available P (g kg−1) 2.65 16,100
Available K (g kg−1) 141.5 1830
DTPA–Fe (mg  kg−1) 14.53 9130
DTPA–Zn (mg  kg−1) 3.76 1853
DTPA–Mn (mg  kg−1) 2.41 555.3
DTPA–Cu (mg  kg−1) 2.07 173
DTPA–Pb (mg  kg−1) 0.056 78
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dDehydrogenase activity (g TPF g−1 h−1) 10.4 13.7
MBC  (g kg−1) 0.44 3.23
The objective of the present study was to determine the short-
erm effect of sewage sludge on physical, chemical and biological
roperties of soil.
. Materials and methods
.1. Experimental site and design
A ﬁeld experiment on “Nutrient Recycling Potential of Organic
astes for Crop Productivity and Soil Health” is continuing since
ctober, 2010 with different rate of sewage sludge in cow pea
Vigna unguiculata)–wheat (Triticum aestivum L.) rotation in the
xperimental farm of the Indian Agricultural Research Institute,
ew Delhi (28◦37′N, 77◦09′E, 228.7 m above mean sea level). The
limate is semi-arid with mean annual rainfall of 750–800 mm,  the
istribution of which is unimodal with 75–80% rain occurring dur-
ng the monsoon months (July–August). The soil (typic haplustept)
s sandy loam in texture, mild alkaline in reaction (pH 8.4), low in
oluble salt and organic matter content and 8–15% (v/v) in avail-
ble soil water content (Table 1). The experiment was conducted in
andomized block design and every treatments and control were
eplicated twice.
.2. Treatment
The sewage sludge obtained during the rainy season August,
010 was used as a source of nutrient for the crop. Four sludge
reatment and control were taken for the study purpose. Field
lots (3 m × 3 m)  are either unammended (control and 100%NPK) or
mended with sludge at a rate of 5, 10 and 15 t ha−1 on a dry weight
asis in every year. In control neither fertilizer nor sewage sludge
as applied. Application of 100%NPK means 120 kg nitrogen, 60 kg
2O5 and 40 kg K2O per hectare. Sludge was applied yearly in the
onth of October and incorporated at 0–15 cm soil layer.
.3. Bulk density, and size distribution of soil aggregate
Cylindrical cores (6 cm diameter, 5 cm height) were used to col-
ect intact soil samples from 0–15 and 15–30 cm depths to measure
ulk density of the soil (Blake and Hartge, 1986). Fresh soil cores
ere processed in the laboratory, weighed and then oven-dried at
◦05 C till constant weight was obtained. Bulk densities of soil were
alculated from the oven dry weight of soil cores and the volume
f cores. Soil water content  (%, v/v) at the time of sampling was
etermined from the difference of wet and dry bulk density.Monitoring & Management 4 (2015) 37–41
Soil samples were prepared in the laboratory by carefully break-
ing larger clods (ﬁeld moist soil) by hand into smaller segments
along natural cleavage and then air-dried, passed through 8 mm
sieve, and wet-sieved through a collection of sieves in the decreas-
ing order of arrangement (4, 2, 1, 0.5, 0.25 and 0.1 mm size)
following the procedure as laid out by Yoder (1936). During wet
sieving, the set of sieves were oscillated vertically with an average
speed of 30 cycles min−1 for 5 min, and the aggregates retained on
each sieve were transferred to a set of pre-weighed beakers, oven-
dried at 60 ◦C for 24 h and weighed. These six nested sieves were
ﬁnally clubbed to two  aggregate size classes namely, (>0.25 mm)
macro-aggregates and micro-aggregates (<0.25 mm).
For obtaining the sand-free aggregates in each size class, the
quantity of sand having diameter greater than the lower limit of
each size class range were subtracted from the mass of total aggre-
gates collected on each sieve (Kemper and Rosenau, 1986). The
respective sand content was  determined through dispersion of a
sub-sample (∼1.5–2 g) retained on each sieve using 0.1 mol  L−1
NaOH (Whalen et al., 2003). The aggregate stability was expressed
by:
Mean weight diameter (MWD)  of water stable aggregates (Kem-
per and Roseneau, 1986)
as: MWD  =  (xi wi)where xi = mean diameter of a given size
fraction (mm)  and wi  = the proportion of soil aggregates in the
respective size fraction (g g−1).
2.4. Dehydrogenase activity and microbial biomass carbon (MBC)
Determination of dehydrogenase activity in soil was  done by
the method given by Klein et al. (1971). For this purpose 1 g of
air dried soil sample was  saturated with 0.2 ml  of 3% triphenyl
tetrazolium chloride (TTC) solution. After 24 h of incubation period
at a temperature of 28 ± 0.5 ◦C, 10 ml  of methanol was added
and shaken vigorously. The clear pink colour supernatant was
withdrawn after 6 h and absorbance was measured in spectropho-
tometer at 485 nm wavelength. The amount of triphenylformazan
(TPF) formed in each samples were calculated from the standard
curve drawn in range of 10 g–90 g TPF ml−1. Dehydrogenase
activity is expressed as g TPF formed per g soil per hour.
Soil microbial biomass of freshly collected sample was measured
by the substrate induced respiration (SIR) method (Anderson and
Domsch, 1978; Smith et al., 1985) in which 0.5 ml of a 12 g glu-
cose L−1 solution was  added to moist soil equivalent to 10 g of oven
dry soil and incubated for 3 h at 22 ◦C. Vials were covered for 2 h,
ﬂushed with moist air, septa capped and CO2 in the head space mea-
sured by a gas chromatograph after 1 h incubation. The MBC was
estimated by using the equation of Anderson and Domsch (1978);
x = 40.04y + 0.37
where x mg  microbial biomass carbon 100 g soil−1, y ml CO2 100 g
soil−1 h−1.
2.5. Chemical analysis of soil and sewage sludge
Prior to analysis, soil samples were air-dried and passed through
a 2 mm sieve. The principal chemical properties of soil and sludge
samples were determined by standard methods (Sparks et al.,
1996). In particular, the pH was  measured on mixtures of sam-
ple: water = 1:2.5; the EC was  measured on a 1:5 sample: water
mixture; and the organic carbon content was determined by
dichromate oxidation of the sample and subsequent titration with
ferrous ammonium sulphate (Walkley and Black, 1934). Aggre-
gates obtained from wet sieving were used for determination of
aggregate associated organic carbon. The mineralisable N con-
tent was obtained by the Kjeldahl method followed by titration
S. Mondal et al. / Environmental Nanotechnology, Monitoring & Management 4 (2015) 37–41 39
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dig. 1. Bulk density at 0–15 and 15–30 cm depth under different treatments (vertical
ars  indicate standard errors of mean at P < 0.05).
ith dilute sulphuric acid (Subbiah and Asija, 1956). The avail-
ble P content was determined by NaHCO3-ascorbic acid method
Watanabe and Olsen, 1965). Available K content was measured
mmonium acetate method using ﬂame photometer (Hanway and
eidel, 1952). The available micronutrient content was determined
y DTPA CaCl2 TEA extraction method using an atomic absorp-
ion spectrophotometer.
All soil samples were collected in the month of April, 2012 after
heat harvest. Before start of the experiment, composite soil sam-
les were also collected from 0–15 cm soil layer to get the basic
roperties of the soil. The soil sample was processed and passed
hrough 2-mm sieve. A part of the fresh sample was kept in the
efrigerator at 4 ◦C immediately after collection and subsequently
sed for analyses of initial biological properties of soil. The samples
f sewage sludge after collection were air-dried under shade and
round to pass through 2-mm sieve. A portion of the sample was
tored in the refrigerator at 4 ◦C immediately after collection and
ubsequently used for analyses of biological properties.
.6. Statistics
All the data sets were processed and analysed using standard
rocedures in the statistical package for social sciences (SPSS,
004).
. Results and discussion
.1. Bulk density
Signiﬁcantly different bulk density was recorded among the
reatments only in upper 0–15 cm soil layer; for the lower 15–30 cm
ayer, differences were not signiﬁcant (Fig. 1). In 0–15 cm layer,
ontrol recorded highest bulk density (1.68 g cm−3) followed by
PK100% (1.65 g cm−3). Application of sewage sludge leads to
eduction in soil bulk density which was lowest at SS 15 t ha−1
−3 −1 −31.45 g cm ) followed by sewage sludge 10 t ha (1.52 g cm )
nd sewage sludge 5 t ha−1 (1.58 g cm−3). In lower 15–30 cm layer,
ulk density values (∼1.70 g cm−3) among different treatment
idn’t show any signiﬁcant difference except SS 15 t ha−1 whichFig. 2. Mean weight diameter (MWD) at 0–15 and 15–30 cm depth under different
treatments (vertical bars indicate standard error at P < 0.05).
showed slightly lower (1.63 g cm−3) bulk density than rest of the
treatments.
Changes in bulk density, measured after two  years of continuous
application of sludge, conﬁrms the beneﬁcial effect of sludge. Low-
ering of bulk density in sewage sludge treated plot can be attributed
to addition of bulk quantity of organic matter of low bulk density
resulting in better soil aggregation which in turn increased the soil
porosity. Though the effect of sludge was conﬁned to only 0–15 cm
soil layer as in 15–30 cm soil layer there were no signiﬁcant changes
in bulk density. Studies elsewhere (Aggelides and Londra (2000)
and Celik et al. (2004)) have also reported that addition of organic
material to soil decreases bulk density.
3.2. Mean weight diameter (MWD)
The proportion of soil in various aggregate fractions sharply
decreased with the increase in their size ranges and nearly 51–60%
of soil was associated with >0.25 mm size of aggregates in all
the depths. In 0–15 cm soil layer, control was recorded lowest
MWD (0.53 mm)  followed by 100%NPK (0.55 mm),  whereas sewage
sludge 15 t ha−1 showed maximum value of MWD  (0.64 mm)  fol-
lowed by sewage sludge 10 t ha−1 (0.61 mm)  and sewage sludge
5 t ha−1 (0.60 mm ha−1) (Fig. 2). In the lower depth (15–30 cm),
the difference in MWD  among the different treatments was at par
except NPK100% (0.59 mm)  and sewage sludge 15 t ha−1 (0.58 mm)
where slightly higher value was  recorded.
One of the most widely used indices for the distribution of aggre-
gates is the mean weight diameter (Nimmo and Perkins, 2002).
As expected increased MWD  value was observed in sewage sludge
treated plots than untreated plots. The plots that received highest
amount of sewage sludge recorded about 21% higher value of MWD
than control. Higher value of MWD  in treated plot may be due to
increase in water stable aggregate resulted from better soil aggre-
gation. Addition of sewage-sludge increased the organic matter
content that improves the aggregation status of soil.
3.3. Aggregate associated organic carbon (AAOC), mineralizable
N and available K
The aggregate associated organic carbon (AAOC) content was
signiﬁcantly different among the various treatments. The result
revealed that AAOC content in macro-aggregate (>0.25 mm)  was
always higher than in micro-aggregate (<0.25 mm)  in both 0–15
and 15–30 cm soil layers (Table 2). Macro aggregate in the upper
layer (0–15 cm)  of control recorded the lowest value of AAOC
(0.429%) followed by NPK100% (0.483), whereas sewage sludge
15 t ha−1 showed the highest amount of AAOC (0.604%) fol-
lowed by sewage sludge 10 t ha−1 (0.546%) and sewage sludge
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Table 2
Aggregate associated organic carbon of soil as affected by different sewage sludge
treatments (values followed by different superscript letters in the same column are
signiﬁcantly different at P < 0.05 level).
Treatments Aggregate associated organic carbon (%)
Macro-aggregate (>0.25 mm) Micro-aggregate
(<0.25 mm)
0–15 cm 15–30 cm 0–15 cm 15–30 cm
Control 0.429ab 0.322a 0.283ab 0.239a
NPK100% 0.483ab 0.332a 0.298ab 0.278ab
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Table 4
Dehydrogenase activity of soil due to various sewage sludge treatments (values fol-
lowed by different superscript letters in the same column are signiﬁcantly different
at  P < 0.05 level).
Treatments Dehydrogenase Activity
(g TPF g−1 h−1)
Soil layer (cm)
0–5 5–15 15–30
Control 10.40a 8.26a 5.54a
NPK100% 10.73a 8.41a 7.98ab
SS 5 t ha−1 11.51a 9.84a 7.31bSS 5 t ha 0.507 0.380 0.322 0.273
SS 10 t ha−1 0.546b 0.395ab 0.332b 0.278ab
SS 15 t ha−1 0.604b 0.405ab 0.359b 0.283ab
 t ha−1 (0.507%). The AAOC in the micro-aggregate fractions in
he upper layers (0–15 cm)  of different treatments varied between
.28–0.36%. In 15–30 cm soil layer, AAOC content was  less and var-
ed between 0.32–0.4% for macro-aggregate and 0.24–0.28% for
icro-aggregate. In case of mineralizable N, increasing trend was
bserved with increasing amount of sewage sludge but the differ-
nces were not statistically signiﬁcant in the same depth (Table 3) in
–5 and 5–15 cm soil layer. In 15–30 cm soil layer, no deﬁnite trend
as observed. No signiﬁcant difference in available K content was
bserved among different treatment and control.
Organic matter is the most widely used biochemical indicator
f soil quality. In soils, it is controlled by changes in management
ia annual inputs and decay rates (Jenkinson, 1988). The higher
mount of aggregate associated organic carbon content in the upper
–15 cm layer in sewage sludge treated plots can be attributed to
he addition of bulk organic matter. Control recorded lowest value
ecause it didn’t get any nutrient supply in terms of fertilizer and
ewage sludge. NPK100% showed higher value of AAOC in compar-
son to control due to supply of nutrient in term of fertilizer that
elps in plant growth and in maintaining the organic carbon pool.
ur results are in conformity with several other workers (Sauerbeck
nd Styperek, 1987 and McGrath et al., 1995), that organic amend-
ents induce an increase in soil organic C and N contents.
.4. Dehydrogenase activity
Dehydrogenase activity is an important indicator for biological
ctivity of soil. Variation in dehydrogenase activity was  recorded
t different depths. In 0–5 cm,  control (10.40 g TPF g−1 h−1) and
PK100% (10.73 g TPF g−1 h−1) were at par and sewage sludge
5 t ha−1 showed highest value (12.14 g TPF g−1 h−1) followed by
0 t ha−1 (12.07 g TPF g−1 h−1) and 5 t ha−1 (11.51 g TPF g−1 h−1).
n 5–15 cm soil layer, only sewage sludge 15 t ha−1 recorded con-
iderably higher value (11.53 g TPF g−1 h−1) of dehydrogenase
ctivity among the treatments (Table 4). At 15–30 cm no signiﬁ-
ant difference was observed among the various treatments except
ontrol which showed signiﬁcantly lower value of dehydrogenase
ctivity than rest of the treatments.
able 3
ineralizable N and available K in soil as affected by various sewage sludge treat-
ents (values followed by different superscript letters in the same column are
igniﬁcantly different at P < 0.05 level).
Treatments Mineralizable N (kg ha−1) Available K (mg kg−1)
Soil layer (cm) Soil layer (cm)
0–5 5–15 15–30 0–5 5–15 15–30
Control 163.1a 129.6a 112.9a 123a 130.5a 134a
NPK100% 158.9a 129.6a 121.3a 138.5a 134a 155.5a
SS 5 t ha−1 146.3a 133.8a 117.1a 141.2a 135a 133.5a
SS 10 t ha−1 154.7a 138.0a 117.1a 148.6a 140.5a 132.5a
SS 15 t ha−1 179.8a 146.3a 108.7a 147.5a 146.5a 131.5aSS 10 t ha−1 12.07a 9.94a 8.43b
SS 15 t ha−1 12.14a 11.53a 8.56b
Biological and biochemical properties of the soil have often been
proposed as early and sensitive indicators of soil ecological stress
or other environmental changes (Dick, 1994). Dehydrogenase activ-
ity, present only in viable cells has been considered to reﬂect the
total range of oxidative activity of soil microﬂora and considered
to be a good indicator of microbial activity (Nannipieri et al., 1990).
Generally the enzyme activities in the soil are closely related to
the organic matter content (Beyer et al., 1993). The application of
balanced amounts of nutrients and manures improved the organic
matter and MBC  status of soils, which corresponded with higher
enzyme activity (Pascual et al., 2007). In the present study, higher
dehydrogenase activity was observed in sewage sludge treated
plots one of the reasons may  be the addition of organic matter
through sewage-sludge, increased the population of microbes in
the soil which in turn stimulated enzymatic activity (Brendecke
et al., 1993) in the soil.
3.5. Microbial biomass carbon (MBC)
The microbial biomass content in sewage sludge treated plot
was signiﬁcantly higher than the control (Table 5). In 0–5 cm soil
layer, the highest amount of MBC  was recorded in sewage sludge
15 t ha−1 (838 mg  kg−1) which was about 92% higher than the con-
trol value (436 mg kg−1). In 5–15 cm soil layer, increasing trend
of MBC  was  observed, though the rate of increase was less. In
lower depth (15–30 cm), no signiﬁcant difference in MBC  value was
observed among the treatments.
Sewage sludge is a very important source of organic matter, thus,
an increasing trend in MBC  content was  associated with the increas-
ing rate of sewage sludge application (Börjesson et al., 2014). High
organic matter content and high N content of the sludge acted as a
potential source of food and energy for the heterotrophic microbes
and thus had high microbial biomass C values. The substrate-C
stimulates the growth of the autochthonous soil microbiota due
to the greater availability of energy sources, as has been reported
by earlier analysis (Antolín et al., 2005; Pascual et al., 2007).
Table 5
Microbial biomass carbon of soil as affected by different sewage sludge treatments
(values followed by different superscript letters in the same column are signiﬁcantly
different at P < 0.05 level).
Treatments Microbial biomass carbon
(mg kg−1)
Depth (cm)
0–5 5–15 15–30
Control 435.65a 343.21a 230.34a
NPK100% 570.19ab 404.48ab 217.65a
SS 5 t ha−1 643.69ab 421.04ab 226.23a
SS 10 t ha−1 683.67ab 479.13ab 211.17a
SS 15 t ha−1 838.11b 501.98b 244.68a
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. Conclusion
Short-term application of sewage sludge clearly has effect on
ifferent soil properties in a direction that is consistent with
mproving soil fertility. Soil physical properties i.e. bulk den-
ity, aggregate stability were improved signiﬁcantly. Considerable
mprovement in microbial biomass carbon, dehydrogenase activity
nd aggregate associated organic matter was observed particu-
arly when higher amount of sludge was applied. Lower quantity
f organic waste showed a beneﬁcial trend but in a smaller extent.
tudy on long term effect of sewage sludge application in agricul-
ural ﬁeld needs to be carried out due to higher amount of heavy
etal content.
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